KIBRA has recently been identified as a gene associated with human memory performance. Despite the elucidation of the role of KIBRA in several diverse processes in nonneuronal cells, the molecular function of KIBRA in neurons is unknown. We found that KIBRA directly binds to the protein interacting with C-kinase 1 (PICK1) and forms a complex with a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs), the major excitatory neurotransmitter receptors in the brain. KIBRA knockdown accelerates the rate of AMPAR recycling following N-methyl-D-aspartate receptor-induced internalization. Genetic deletion of KIBRA in mice impairs both long-term depression and long-term potentiation at hippocampal Schaffer collateral-CA1 synapses. Moreover, KIBRA knockout mice have severe deficits in contextual fear learning and memory. These results indicate that KIBRA regulates higher brain function by regulating AMPAR trafficking and synaptic plasticity.
INTRODUCTION
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs) mediate the majority of fast excitatory synaptic transmission in the brain. The modulation of AMPAR membrane trafficking and synaptic targeting is critical for several forms of synaptic plasticity thought to be cellular mechanisms underlying learning and memory (Malinow and Malenka, 2002; Shepherd and Huganir, 2007) . AMPARs are heterotetrameric assemblies of four highly related subunits, GluA1-4 (Shepherd and Huganir, 2007) . AMPAR trafficking into and out of the synapse is highly dynamic and is modulated by subunit specific AMPAR-interacting proteins that link neuronal signaling pathways to the insertion and retrieval of AMPARs from synaptic sites (Shepherd and Huganir, 2007) . The synaptic PDZ domain-containing protein, protein interacting with C-kinase 1 (PICK1), directly interacts with the C terminus of GluA2/3 AMPAR subunits and is required for hippocampal long-term potentiation (LTP) and long-term depression (LTD), cerebellar LTD, Ca 2+ -permeable AMPAR plasticity, and mGluR LTD in the perirhinal cortex (Clem et al., 2010; Gardner et al., 2005; Jo et al., 2008; Liu and Cull-Candy, 2005; Steinberg et al., 2006; Terashima et al., 2008; Volk et al., 2010; Xia et al., 1999) . Genetic deletion of PICK1 has revealed its crucial role in hippocampal synaptic plasticity (Terashima et al., 2008; Volk et al., 2010) and inhibitory avoidance learning (Volk et al., 2010) . Recent studies have shown that PICK1 regulates AMPAR membrane trafficking by retaining GluA2-containing AMPARs in intracellular pools and inhibiting their recycling to the plasma membrane (Citri et al., 2010; Lin and Huganir, 2007) ; however, the mechanisms by which PICK1 regulates the dynamic bidirectional trafficking of AMPARs are complex and remain unclear.
Advances in genome-wide screening methods have enabled searches for genes associated with higher brain function. A recent study identified KIBRA as a gene linked with human memory performance (Papassotiropoulos et al., 2006) . Carriers of a C to T single nucleotide polymorphism in the ninth intron of KIBRA were found to perform better on several episodic memory tasks (Papassotiropoulos et al., 2006) . Importantly, links between this gene and human memory have been highly reproducible by other groups using different subject populations (Almeida et al., 2008; Bates et al., 2009; Schaper et al., 2008; Schneider et al., 2010) . The T allele of KIBRA is associated with superior memory in healthy subjects and is also protective against Alzheimer's disease (Corneveaux et al., 2010) . While these reports are very compelling, they raise the important question of how KIBRA controls higher brain function at the molecular level.
KIBRA is highly expressed in kidney and in memory-related brain regions (Johannsen et al., 2008; Kremerskothen et al., 2003; Papassotiropoulos et al., 2006) . In podocytes, KIBRA interacts with the polarity protein PATJ and synaptopodin and modulates directional cell migration . In Drosophila, KIBRA acts synergistically with Merlin and Expanded as an upstream activator of the Hippo kinase signaling cascade, a pathway involved in organ size control (Baumgartner et al., 2010; Genevet et al., 2010; Yu et al., 2010) . The interaction between KIBRA and dynein light chain 1 is critical for linking microtubule motors to other binding partners of KIBRA, which include atypical PKCs, polarity proteins, and vesicular trafficking components (Rayala et al., 2006; Rosse et al., 2009; Traer et al., 2007) . The finding that the atypical kinase PKC/Mz binds to and phosphorylates KIBRA in vitro is of particular interest as PKMz is implicated in long-term maintenance of synaptic plasticity and memory retention (Bü ther et al., 2004; Drier et al., 2002; Sacktor et al., 1993) . Although a molecular role for KIBRA in distinct contexts and cell types has begun to be defined, its function in neurons is unknown.
Here we report that KIBRA directly binds PICK1 in vitro and in vivo. In addition, KIBRA interacts with GluA1, GluA2, and several other synaptic proteins in an in vivo protein complex. Using pHluorin-GluA2 fusion proteins to monitor live membrane trafficking of AMPARs following N-methyl-D-aspartate receptor (NMDAR) activation, we found that knockdown (KD) of KIBRA significantly accelerates the rate of pH-GluA2 recycling. Furthermore, we show that LTP and LTD in the adult KIBRA knockout (KO) mouse are reduced while plasticity in juveniles is intact. Finally, we demonstrate that KIBRA is essential for trace and contextual fear conditioning in adult mice. Taken together, our data indicate that KIBRA plays an important role in regulating AMPAR trafficking underlying synaptic plasticity and learning.
RESULTS
To further study the role of PICK1 in synaptic plasticity we performed a yeast two-hybrid screen in a rat hippocampus cDNA library using a PICK1 fragment (aa 1-358) as bait and isolated two clones that encode a small region of KIBRA ( Figure 1A ). The involvement of KIBRA in higher brain function as well as its binding partners and expression pattern made it an attractive target for further study (Almeida et al., 2008; Bates et al., 2009; Corneveaux et al., 2010; Johannsen et al., 2008; Kremerskothen et al., 2003; Papassotiropoulos et al., 2006; Schaper et al., 2008; Schneider et al., 2010) .
To examine the KIBRA-PICK1 interaction in mammalian cells, we transfected HEK293T cells with full-length constructs encoding HA-PICK1 and GFP-KIBRA individually and in combination. Overexpression of HA-PICK1 alone showed a diffuse cytoplasmic distribution (Xia et al., 1999) ; however, when cotransfected with GFP-KIBRA, the two proteins colocalized in large cytoplasmic clusters observed upon transfection of GFP-KIBRA alone ( Figure 1B ). In addition, GST-PICK1 was coimmunoprecipitated with myc-KIBRA when coexpressed in HEK293T cells and this immunoprecipitation was abolished in the presence of myc epitope blocking peptide, confirming the specificity of the interaction between KIBRA and PICK1 in vitro ( Figure 1C ). Immunoprecipitation from mouse P2 brain fractions using a specific anti-KIBRA antibody revealed that PICK1, GluA1, and GluA2 are associated with KIBRA in vivo ( Figure 1D known AMPAR trafficking regulators such as Glutamate Receptor Interacting Protein 1 (GRIP1), N-ethylmaleimide-sensitive factor (NSF), and Sec8 were also present in KIBRA complexes ( Figure 1D ) (Dong et al., 1997; Mao et al., 2010; Song et al., 1998) , while 4.1N protein and the NR1 subunit of NMDA receptors were not part of this complex. These data suggest that KIBRA may play a role in the regulation of AMPAR trafficking in neurons.
To test this hypothesis, we generated specific KIBRA shRNAs ( Figure S1B , available online) and analyzed the cell-surface expression of AMPARs. Knockdown of KIBRA had no effect on the steady-state level of AMPA receptor subunits analyzed using cell-surface biotinylation assays (Figures S1C and S1D). We then examined the role of KIBRA in activity-dependent trafficking of AMPARs in cultured hippocampal neurons using an established pH-sensitive GFP-GluA2 (pH-GluA2) live receptor recycling assay (Ashby et al., 2004; Lin and Huganir, 2007) . Perfusion of N-methyl-D-aspartate (NMDA) for 5 min induced robust internalization of surface pH-GluA2 from the soma and dendrites as we have previously observed (Lin and Huganir, 2007) in both control and shRNA transfected neurons (Figures 2A-2D ). However, the rate of pH-GluA2 recycling following NMDA washout was significantly accelerated in KIBRA KD neurons (Figures 2A, 2B , 2C, and 2E), reminiscent of the AMPAR trafficking phenotype in PICK1 KO neurons (Lin and Huganir, 2007) . A similar result was obtained with a second independent KIBRA shRNA construct ( Figure S2A-S2D ). Cotransfection of KIBRA shRNA and shRNA-resistant KIBRA constructs fully rescued the recycling phenotype, ruling out the possibility of off-target effects of the shRNA (Figures 2A-2E ). These results indicate that KIBRA regulates the activity-dependent recycling but not the initial internalization of AMPARs, demonstrating a role for KIBRA in retaining internalized GluA2. It is possible that KIBRA does this by inhibiting the exocyst complex as overexpression of KIBRA localizes to sec8-containing vesicles ( Figure S2E ).
We next generated KIBRA KO mice ( Figure S3A ) to examine its role in synaptic transmission, plasticity, and behavior in vivo. Correct homologous recombination, germline transmission, and genotype were confirmed by Southern blot using the indicated probe after PCR genotyping ( Figure S3B ). Homozygous KO animals are viable and have no gross developmental defects or anatomical abnormalities ( Figure S3C ). Western-blot analyses using specific anti-KIBRA antibodies on total brain lysates verified the absence of KIBRA protein in KO animals ( Figure S3D ). Although we did not observe any significant changes in the total expression of many synaptic proteins in KIBRA KO mice, there was a downregulation of NSF in juvenile animals. Interestingly, there is a marked compensation for the absence of KIBRA by its highly homologous family member, WWC2, in young animals, which diminishes by adulthood ( Figures S3D-S3F) .
Analysis of baseline synaptic transmission in juvenile (3-to 4-week-old) or adult (2-to 3.5-month-old) KIBRA KO mice revealed no significant differences in input/output relationships compared to wild-type littermates ( Figure 3A , Figure S4A ). The lack of change in surface GluA1/2 expression in KIBRA KO neurons is consistent with this finding (Figures S1E and S1F ). Presynaptic function assessed by paired-pulse facilitation was also normal in KIBRA KO mice ( Figure 3B, Figure S4B ). Consistent with a role in activity-dependent trafficking of AMPARs, adult KIBRA KO mice displayed significant deficits in both LTP induced with theta-burst stimulation and NMDA-dependent LTD induced with low-frequency stimulation at hippocampal Schaffer collateral-CA1 synapses ( Figures 3C and 3D) . Surprisingly, these forms of plasticity are intact in juvenile KIBRA KO mice ( Figures S4C and S4D ). This selective impairment in synaptic plasticity in adult mice is strikingly similar to the phenotype observed in mice lacking PICK1 (Volk et al., 2010) .
After discovering marked deficits in hippocampal LTP and LTD in adult mice lacking KIBRA, we investigated the requirement for KIBRA in learning and memory. We trained adult (2.5-to 3.5-month-old) male WT and KIBRA KO mice using a trace fear conditioning protocol ( Figure 4A ). Intact hippocampal function is critical for eliciting both trace (freezing in response to tone presentation) and contextual (freezing in response to training context exposure) fear conditioning in response to this training protocol (McEchron et al., 1998; Smith et al., 2007) . Compared to WT animals, KIBRA KO mice learn the association between shock and tone/context more slowly indicated by a delayed increase in freezing over the course of the six training trials (Figure 4B) ; however, by the end of the training session, KIBRA KO mice exhibit freezing levels comparable to WT. When tested 24 hr after training, KIBRA KO mice showed a dramatic reduction in retention of both contextual and trace fear memory ( Figures 4C  and 4D ). These data provide strong evidence that KIBRA is a regulator of AMPAR trafficking and synaptic plasticity required for normal hippocampus-dependent learning in adult mice.
DISCUSSION
Despite several studies implicating KIBRA in human memory performance, the role of KIBRA in brain function was unknown. We identified KIBRA in a search for PICK1 interacting proteins and found that it binds to PICK1 in vitro and in vivo and is part of an AMPAR protein complex associated with the regulation of AMPAR membrane trafficking. These data are consistent with previous results reporting that KIBRA is involved in membrane trafficking in nonneuronal cells and is associated with other neuronally expressed proteins, including dynein light chain 1 and synaptopodin, that are important in membrane trafficking and synaptic spine structure Rayala et al., 2006; Rosse et al., 2009; Traer et al., 2007) .
We report that KIBRA and PICK1 are associated and that they bind AMPARs along with other members of the AMPAR-associated complex including GRIP1, NSF, and Sec8. KIBRA regulates the membrane trafficking of AMPARs and plays an important role in modulating the recycling of AMPARs after activity dependent internalization, similarly to previously studied members of this complex (Shepherd and Huganir, 2007; Lin and Huganir, 2007; Mao et al., 2010) . GRIP1/2 accelerates AMPAR recycling while PICK1 inhibits AMPAR recycling (Lin and Huganir, 2007; Mao et al., 2010; Citri et al., 2010) . This protein complex is also important for synaptic plasticity in several brain regions (Shepherd and Huganir, 2007) . Deletion of the GRIP1 and 2 genes eliminates cerebellar LTD (Takamiya et al., 2008) while deletion of the PICK1 gene eliminates cerebellar LTD (Steinberg et al., 2006) and also produces deficits in hippocampal LTP and LTD (Terashima et al., 2008; Volk et al., 2010) . The specific role of KIBRA in this complex is unknown but it is likely to play an active role in the regulation of this scaffolding complex. KIBRA has two WW domains and a C2-like domain (Kremerskothen et al., 2003; Rizo and Sü dhof, 1998) ; these protein-protein interaction domains could be involved in regulating KIBRA's function by controlling the interaction of KIBRA with target molecules. Intriguingly, KIBRA is an interacting partner and substrate of the atypical PKC isoform PKC-z that has been implicated in the maintenance of LTP and memory retention (Bü ther et al., 2004) . It is possible that phosphorylation of KIBRA by PKC-z may be important for the regulation of AMPAR trafficking during the maintenance of LTP. We also show that KIBRA is critical for synaptic plasticity and learning and memory. KIBRA KO mice have significant deficits in hippocampal LTP and LTD and have profound learning and memory defects. Interestingly, the functional effects of KIBRA KD and KO are very reminiscent of loss of function phenotypes previously reported for PICK1 KOs (Lin and Huganir, 2007; Volk et al., 2010) . KIBRA and PICK1 interact robustly and the PICK1 and KIBRA KOs share similar cellular and behavioral phenotypes, suggesting that the two proteins act in the same pathway to regulate trafficking of GluA2-containing AMPARs. Adding to this complexity is the existence of a highly homologous relative of KIBRA, WWC2. Elucidation of the role of WWC2 in the brain may reveal a more broad function of WWC family members in AMPAR trafficking. The fact that basal synaptic transmission and surface expression of AMPARs is unaffected in mice lacking KIBRA may indicate that WWC2 is largely able to compensate for chronic loss of KIBRA, resulting in normal steady-state levels of synaptic AMPAR expression.
Loss of either PICK1 (Volk et al., 2010) or KIBRA results in synaptic plasticity and learning deficits in adult, but not in young animals, supporting a developmentally regulated requirement for KIBRA and PICK1 in normal brain function. If KIBRA and WWC2 are functionally similar, the high expression levels of these proteins early in development may render one homolog expendable in young animals. However, when levels of both KIBRA and WWC2 are low (as in adult animals), wild-type levels of both homologs may be required for normal brain function.
Finally, although our studies have been conducted in mice, the link between KIBRA and human memory suggests that KIBRA impacts human memory by regulating AMPAR membrane trafficking and synaptic plasticity. Considering the association between KIBRA and Alzheimer's disease (Corneveaux et al., 2010; Schneider et al., 2010) , these results also provide support for the concept that altered AMPAR trafficking is a critical component of the cognitive deficits observed in Alzheimer's disease (Hsieh et al., 2006) induced with theta-burst stimulation is reduced in adult KIBRA KO mice. **p < 0.01, two-tailed Student's t test (wild-type, n = 13, 158% ± 4%; KO, n = 10, 136% ± 4%). (D) LTD induced with 900 stimuli at 1 Hz is reduced in adult KIBRA KO mice. **p < 0.01, two-tailed Student's t test (wild-type, n = 11, 82% ± 2%; KO, n = 12, 91% ± 2%). Scale bars for all trace insets: 0.5mV, 5 ms.
provides insight into the molecular basis of natural variation in human memory performance. It will be interesting to analyze the potential genetic association of other members of the AMPAR protein complex with human memory performance to help dissect the molecular basis of cognition.
EXPERIMENTAL PROCEDURES Subjects
Wild-type and KIBRA KO mice were of the 129/C57BL6 hybrid background. Sprague Dawley rats were used for E18 hippocampal cultures. All animals were treated in accordance with the Johns Hopkins University Animal Care and Use Committee guidelines.
Electrophysiology
Hippocampal slices were prepared from KIBRA WT and KO mice ranging from 3-4 weeks (juvenile) or 2-3.5 months (adult) in age. Prior to recording, a cut was made between CA3 and CA1 to minimize recurrent activity. Field excitatory postsynaptic potentials (fEPSPs) were evoked at 0.033 Hz with a 125 mm platinum/ iridium concentric bipolar electrode (FHC, Bowdoinham, ME) placed in the middle of stratum radiatum of CA1. A 1-2MU glass recording electrode filled with ACSF was positioned $200 mm away (orthodromic) from the stimulating electrode. Input-output curves were obtained for each slice and responses were set to $40% max for LTP experiments and $55% max for LTD experiments. Theta-Burst LTP There were four trains of 10 bursts at 5 Hz, with each burst consisting of four stimuli given at 100 Hz and 10 s intertrain interval.
LFS LTD
There were 900 single pulses at 1 Hz. For LTD in the presence of AP5, AP5 was included throughout the experiment. All plasticity experiments are presented as responses normalized to the average of the 20 min baseline.
Behavior

Training and Testing
Mice were handled for 3 min on each of 5 consecutive days prior to beginning experiments. On day 1 mice were habituated to the training chamber for 12 min. Training occurred on day 2 as follows: mice were allowed to acclimate to the chamber for 4 min prior to the onset of six consecuative training blocks, each consisting of a 20 s baseline, followed by a 20 s, 2 KHz, 80 dB tone (conditioned stimulus, CS), followed by an 18 s trace interval of silence, followed by a 2 s scrambled 1 mA foot shock (unconditioned stimulus, US), followed by a 40 s intertrial interval (ITI). On day 3 mice were tested. Mice were first placed in the training chamber for 3 min to assess contextual fear conditioning, after which they were returned to their home cage for 3 min. Testing for trace fear conditioning took place in a novel chamber, which was distinct from the training chamber. Mice were allowed to acclimate to the novel chamber for 3 min prior to tone presentation to assess % freezing in the novel chamber. Next, mice were presented with four testing blocks consisting of a 20 s baseline followed by a 20 s 2 KHz, 80 dB tone followed by a 60 s ITI.
Data Analysis and Statistics
Percentage of time freezing was quantified using automated motion detection software (CleverSys).
Neuronal Cell Culture, Plasmid Transfection, and Imaging Hippocampal neurons from E18 rat pups were plated onto poly-L-lysine coated dishes or coverslips in Neurobasal growth medium supplemented with 2% B27, 2 mM Glutamax, 50 U/mL penicillin, 50 mg/mL streptomycin, and 5% FBS. Neurons were switched to serum-free Neurobasal medium 24 hr postseeding and fed twice a week. Neurons were transfected at DIV 14-15 using lipofectamine 2000 (Invitrogen) and pH-GluA2 recycling liveimaging assays were performed 48 hr posttransfection as described previously (Lin and Huganir, 2007) . Briefly, coverslips containing neurons were assembled onto a closed perfusion chamber and continuously perfused with recording buffer (25 mM HEPES, 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 30 mM D-glucose, 1 mM TTX, pH 7.4). After 10 min of baseline recording (F 0 ), neurons were perfused with NMDA solution (25 mM HEPES, 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 0.3 mM MgCl 2 , 30 mM D-glucose, 1 mM TTX, 20 mM NMDA, 10 mM glycine, pH 7.4) for 5 min before the perfusion was switched back to recording buffer for the remainder of the session. All imaging experiments were performed at room temperature using a Zeiss LSM 510 Meta/NLO system (Carl Zeiss, Thornwood, NY). The pHluorin fluorescence was imaged at 488 nm excitation and collected through a 505-550 nm filter, while the mCherry signal was imaged at 561 nm excitation and 575-615 nm emission. Neurons were imaged through a 633 oil objective (N.A. = 1.40) at a 3 mm single optical section and collected at a rate of 1 image per min. Images were analyzed using ImageJ software (NIH) by calculating the normalized change in average pHluorin over mCherry fluorescence intensities from a somatic and dendritic shaft area (''soma'') and from a purely dendritic area (''dendrite'') defined manually to compensate for x-y movements of the recorded neurons. The fluorescence intensity change is expressed as DF/F o and the amplitude of fluorescence change (DF max /F o ) represents the extent of GluA2 endocytosis. The rate of GluA2 recycling can be calculated as the time taken from fluorescence minima to 50% of the fluorescence maxima (t 1/2 ). Generation of KIBRA KO Mice The KIBRA KO mouse was generated by targeting exons 4 and 5 for excision by Cre recombinase to result in an out-of-frame mutation in the KIBRA genomic DNA. A 13.9kb KIBRA genomic DNA fragment was cloned into the pBlueScript vector with its KpnI site destroyed. A 4.0 kb internal Kpn1 fragment was cut and cloned into pNeo-FRT-loxP such that a Neo resistant cassette and KIBRA exons 4/5 were flanked by loxP sequences. The loxPflanked fragment was subsequently cloned back into the pBlueScript cloning vector. After germline transmission, Neo was deleted with the Cre/loxP system by breeding to CMV-Cre transgenic mice. Initial Southern blots to confirm homologous recombination of the targeting vector were performed using an outer probe (data not shown). 
